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Abstract The effects of elevated nitrogen deposition on
soil microbial biomass carbon (C) and extractable
dissolved organic carbon (DOC) in three types of forest
of southern China were studied in November, 2004 and
June, 2006. Plots were established in a pine forest (PF), a
mixed pine and broad-leaved forest (MF) and monsoon
evergreen broad-leaved forest (MEBF) in the Dinghushan
Nature Reserve. Nitrogen treatments included a control (no N
addition), low N (50 kg N/(hm?-a)), medium N (100 kg N/
(hm?-a)) and high N (150 kg N/(hm?-a)). Microbial biomass
C and extractable DOC were determined using a chloro-
form fumigation-extraction method. Results indicate that
microbial biomass C and extractable DOC were higher in
June, 2006 than in November, 2004 and higher in the
MEBF than in the PF or the MF. The response of soil
microbial biomass C and extractable DOC to nitrogen
deposition varied depending on the forest type and the level
of nitrogen treatment. In the PF or MF forests, no
significantly different effects of nitrogen addition were
found on soil microbial biomass C and extractable DOC. In
the MEBF, however, the soil microbial biomass C
generally decreased with increased nitrogen levels and
high nitrogen addition significantly reduced soil microbial
biomass C. The response of soil extractable DOC to added
nitrogen in the MEBF shows the opposite trend to soil
microbial biomass C. These results suggest that nitrogen
deposition may increase the accumulation of soil organic
carbon in the MEBF in the study region.
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1 Introduction

Nitrogen input has doubled since the early 20 th century
due to increasing human activities, fertilizer use and fossil
fuel combustion. Nitrogen deposition in areas developed
by industry and agriculture is clearly higher than in the
undisturbed regions (Vitousek et al., 1997), especially in
America and Europe. For instance, the current proportion
of nitrogen deposition increased 10-20 times over previous
levels in northeastern America (Magill et al., 1997) and N
deposition is over 25 kg/(hm?-a) in the developed regions
where animal husbandry and industry are located in Europe
(van Breemen and van Dijk, 1988). The increase in
nitrogen deposition has resulted in nitrogen saturation in
many terrestrial ecosystems and affects forest ecosystems
extensively (Boxman et al., 1998). Increasing nitrogen
deposition can even become the dominant reason for
degradation of forests in some regions of Europe and
America (Boxman et al., 1998). Recent studies indicate that
N deposition clearly affects ecological processes such as
soil respiration, soil microbial activity, soil pH, soil nutrient
elements and litter decomposition (Mo et al., 2004). For
example, a study in Wisconsin (USA) and Europe shows
that increased nitrogen deposition inhibits soil microbial
activity, soil respiration and the rate of litter decomposition
(Berg, 1988; Haynes and Gower, 1995).

Soil microbes are the most active part in terrestrial
ecosystems. They decay biological residue, drive nutrient
transformation, organic carbon metabolism, contamination
and degradation and are important in the soil energy cycle
and nutrient transportation (Wang et al., 1998). A variety of
soil microbial biomass carbon is important to nutrient
cycling in terrestrial ecosystems. Microbial biomass carbon
is sensitive to minute changes in total organic carbon in
forest soils (Wang et al., 1998). During dry seasons with
low soil temperatures and slow plant growth, a decrease in
the amount of litter and reduced soil secretion combine
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against the growth of microbes. But during the wet season,
vigorous plant growth and more secretion to the underground
enhance the activity of microbial metabolism (Yi et al.,
2005). Furthermore, soil microbial biomass carbon could
be used as an index of the changes of microbial soil activity
under nitrogen deposition (Paul and Beauchamp, 1996). In
addition, changes of soil microbial activity can impact the
release of green house gas and carbon stock into the
terrestrial ecosystem (Compton et al., 2004). Hence,
investigation into the effects of elevated nitrogen deposi-
tion on soil microbial biomass carbon will be important in
understanding the effects of nitrogen deposition on under-
ground ecological processes and in the evaluation of
carbon sequestration in terrestrial ecosystems.

However, present investigations into the effects of
nitrogen deposition on forest soil microbial biomass carbon
are focused on North America and few studies in tropical
and subtropical regions have been reported so far (Mo et al.,
2004). The response of forest soil microbes to nitrogen
deposition in tropical and subtropical region would be
more intensive than that in temperate zones. In the last 20
years, high levels of nitrogen deposition have occurred in
eastern regions of China, largely because of their frantic
economic development. For example, N deposition of
Guangzhou City was 4673 kg/(hm?-a) in the latter part of
the 1990s (Ren et al., 2000). Nitrogen deposition at the
Dinghushan Nature Reserve, located in the under the
wind gap of the Zhujiang Delta, Guangdong Province,
was 36 kg/(hm?-a) in 1989, and 38 kg/(hm?-a) 10 years
later. This amount was equivalent, at the same time, to that
in some high nitrogen deposition areas in Europe and North
America (Huang et al., 1994; Zhou and Yan, 2001) and
over four times that in the Heshan forest (8 kg/(hm?-a)) and
the tropical forests of Xishuangbanna (9 kg/(hm?-a)) (Yao
and Yu, 1995; Sha et al., 2002). Our country has become
one of the three major N deposition regions in the world
(Fenn et al., 1998). However, studies on the effects of
elevated nitrogen deposition on soil microbial biomass
carbon in forest ecosystems in China have not been
released.

In our study, we chose a Pinus massoniana forest, a
mixed forest and an evergreen monsoon broad-leaved
forest to examine the response of soil microbial biomass
carbon to nitrogen deposition and to investigate the effects
of nitrogen deposition on underground ecological pro-
cesses and evaluate the carbon sequestration in terrestrial
ecosystems.

2 Materials and methods

2.1 Study site

Our study was conducted in the Dinghushan Nature
Reserve (DHSBR). The reserve lies in the middle of
Guangdong Province in southern China (23°08'N, 112°35'E)

and occupies an area of approximately 1200 hm?. The
mean annual rainfall is 1927 mm. There is a distinct
seasonal pattern: 75 per cent of rainfall falls from March to
August and only 6 per cent from December to February
(Huang and Fan, 1982). The average annual relative
humidity is 80%. The mean annual temperature is 20.9°C.
The coldest and hottest monthly temperature of 12.6 and
28.0°C occurred in January and July, respectively. The
monsoon evergreen broad-leaved (MEBF) forest has been
protected by monks in temples for over 400 years (Mo et al.,
2003, 2006). The pine broad-leaved mixed forest (MF)
originated from pine plantations and were naturally
invaded and colonized by broadleaved species. MF is a
transitional forest from pine forest to an evergreen
monsoon broad-leaved forest. The pine forest (PF) was
planted in about 1930. It has been disturbed by human
activities ever since it was planted. Thus, these plantations
varied in the level of human impacts as well as in their
stages of succession, site conditions and species (Mo et al.,
2003).

2.2 Plot design

Experiments in nitrogen addition were initiated within each
of the three forest types in 2003. Four treatments of
nitrogen addition, each replicated three times, were
established in mature forests: control (without added N),
low N (50 kg N/(hm?-a)), medium N (100 kg N/(hm?-a))
and high N (150 kg N/(hm?-a)), but only three treatments
were established in rehabilitated and disturbed forests, i.e.,
control, low N and medium N. Thirty 20 m by 20 m plots
were established, 12 in mature, nine in rehabilitated and
nine in disturbed forests, surrounded by a 10 m wide buffer
strip. All plots and treatments were laid out randomly.
NH4NO; solution was sprayed monthly by hand onto the
floor of these plots starting in July, 2003. Fertilizer was
weighed, mixed with 20 L of water and applied below the
canopy, to the plots using a backpack sprayer. Two passes
were made across each plot to ensure an even distribution
of the fertilizer. The control plots received 20 L water
without nitrogen added (Mo et al., 2004, 2006).

2.3 Sampling and experimental methods

Soil samples were collected in the middle of November,
2004 and in June, 2006, by driving a 2.5 cm diameter auger
into the ground from the soil surface to a depth of 10 cm,
randomly, at each plot of the pine forest (PF), the pine and
broad-leaved mixed forest (MF) and the monsoon ever-
green broad-leaved forest (MEBF). The eight soil cores
were combined to form a composite soil sample for each
plot. These composite samples were gently homogenized
and stored at 4°C until processing. Large roots, wood and
litter were removed from the composite samples, which
were then passed through a 2 mm mesh sieve. Microbial
biomass C was based on the difference between dissolved
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organic C extracted with 0.5 mol/L K,SO, for 1h on a
shaker from chloroform-fumigated and unfumigated soil
samples using a Kc factor of 0.33 (Vance et al., 1987;
Jenkinson, 1987). Extractable dissolved organic carbon
(DOC) in the K,SO,4 extracts was analyzed using a total
carbon analyzer, Shimadzu model TOC-500. Soil pH and
AI** concentrations were measured by an acidity electrode
and spectrum analyzer ICP (Optima-2000) instrument, in
September, 2005 (Phillips and Yanai, 2004). Results are
presented per unit oven-dry soil at 105°C.

2.4 Statistics

Analyses of variance were carried out to test the difference
in microbial biomass carbon and extractable DOC among
forest types, seasons and nitrogen treatments, as well as the
difference in soil pH and AP’ concentrations among forest
types and N treatments. Then, LSD tests were used to
compare the difference in microbial biomass carbon,
extractable DOC, soil pH and AI*" concentrations among
the effects of N treatments. All analyses were conducted
using SPSS10.0 for Windows. Statistical significant
differences were mostly set at p values < 0.05.

3 Results

3.1 Soil humidity and temperature

In November 2004, soil humidity of PF, MF and MEBF
were 10.48%, 9.64% and 18.1% and soil temperatures were
22.65°C, 22.14°C and 19.56°C respectively. In June 2006,
the soil humidity of PF, MF and MEBF were 22.16%,
23.78% and 26.54% and the soil temperatures were 28.62°C,
27.66°C and 25.67°C respectively. These results show that
soil humidity and soil temperature in June, 2006 were
higher than those in November, 2004 and soil humidity in
the MEBF was higher than in PF and MF. Analyses of
variance indicated that forest types and seasons clearly
affected soil humidity and temperature (p < 0.01) and their
interaction was significant as well (p < 0.01). The differ-
ence in soil humidity and temperature between the MEBF
and MF or PF was significant (p < 0.01).

3.2 Soil pH and AI** concentration

Soil pH in the MEBF was lower than that in MF and PF
(p < 0.05), but the difference between the MF and PF was
not significant (Fig. 1). The AI** concentration in MEBF
was clearly higher than that in the MF and PF (p < 0.05),
but the difference between the MF and PF was not
significant (Fig. 2).

Correlation analysis shows that soil pH was negatively
correlated with nitrogen treatments in MEBF (p < 0.05,
Fig. 1), but correlation between soil pH and nitrogen treat-
ment was not significant in MF and PF. The differences in

soil AI** concentration among nitrogen treatments were
significant in MEBF (p < 0.05, Fig. 2), but the differences
were not significant in MF or PF. Soil AI** concentration in
MEBF increased with the improvement in nitrogen treat-
ment levels (Fig. 2) and soil AI** concentration in the
high level nitrogen treatment was higher than that of the
control treatment (p < 0.05).
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Note: different small letters means significant difference at 5%
level. The same comments apply to Figs. 3 and 4.

3.3 Soil microbial biomass carbon and extractable DOC in
control treatment

Soil microbial biomass carbon and extractable DOC in
June, 2006 were higher than those in November, 2004 in
the MEBF, MF and PF (p <0.05). During the same
sampling time, soil microbial biomass carbon and
extractable DOC in the MEBF were also clearly higher
than those in the MF and PF (p < 0.05), but the difference
between the MF and PF was not significant (Figs. 3 and 4).
Moreover, interactions of soil microbial biomass carbon
and extractable DOC among sampling dates and forest
types were not clear.

3.4 Effects of elevated nitrogen deposition on soil microbial
biomass carbon and extractable DOC

Analyses of variance indicated that the differences in soil
microbial biomass carbon and extractable DOC between
two sampling dates was neither significant in the PF nor in
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the MF, but in the MEBF the differences were significant
(» <0.05). LSD tests show that soil microbial biomass
carbon decreased with increased nitrogen treatment levels
(Fig. 3). Soil microbial biomass carbon in high level nit-
rogen treatment was lower than that in the control treatment
on the two sampling dates (p < 0.05). In contrast, extr-
actable DOC increased with improved nitrogen treatment
levels (Fig. 4). Extractable DOC in high level nitrogen
treatment was higher than that in the control treatment on
both sampling dates (p < 0.05).

4 Discussion and conclusions

4.1 Effects of forest type and season on soil microbial
biomass C and extractable DOC

In our study, soil microbial biomass C and extractable DOC
in the MEBF were higher than those in the MF and PF, but
there were no significant differences between the MF and
PF (Figs. 3 and 4), which is due to the difference of
available nutrient for soil microbes, dominated by the
variety of litter and the rate of decomposition. As in the
previous analysis, for the three forests, the variety of litter
in MEBF was greater than that in the MF and PF. The rate

of litter decomposition in the MEBF was faster than that in
the MF and PF (Mo et al., 2004, 2006). Soil microbial
biomass, therefore, was higher in the MEBF, due to the
greater amounts of available nutrients for soil microbes in
this forest. Our results agree with those of previous
investigations in Dinghushan (Fu et al., 1995; Yi et al.,
2005).

The seasonal variation in the rate of litter decomposition
resulted in higher soil microbial biomass C and extractable
DOC in June, 2006 than that in November, 2004. From the
long-term climate data, it can be observed that the wet
season is from April to September and the dry season from
October to March. Temperature begins to increase in March
to May and the highest temperatures occur in July and
August (Yi et al., 2005). In our study, humidity and
temperature in the wet season were all higher than in the
dry season. The period of the highest temperature and
humidity coincided with the phase of the fastest rate of
litter decomposition and microbial activity. The assimila-
tion rate of nutrients for soil microbes was fast in a high
temperature and humidity environment. Soil microbial
biomass C and soil extractable DOC, therefore, are higher.
That was consistent with the results from Yi et al. (2005) on
forest soil microbial biomass by chloroform incubation.
Some other studies also gave similar results. Compton et al.
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(2004) indicated that soil microbial biomass C and
extractable DOC in June 2001 were higher than those in
November 2000 in the Harvard forest. Acea and Carballas
(1990) and Diaz-Ravina et al. (1995) also concluded that
the soil microbial biomass in wet season was higher than
that in dry season.

4.2 Effects of N deposition on soil microbial biomass C

High nitrogen treatment decreased soil microbial biomass
C in the MEBEF but increased the soil extractable DOC. The
potential factors were as follows.

1) Soil acidification of nitrogen treatment could be due to
the augmentation of available soil nitrogen (Fang et al.,
2006). Incremental amounts of NH,;-N, absorbed by
plants, and translated into NO; —N by nitrobacteria or
eluviated out from the soil, increases the H" concentration
in forest ecosystems (Matson et al., 1999). Nitrogen also
enhanced NO3 —N concentration in soil. While the excess
NO; —N was leached out from the soil, soil acidification
occurred (Katzensteiner et al., 1992). The soil microbial
community was inhibited by soil acidification (Baath et al.,
1980). Joergensen et al. (1995) indicated that soil microbial
biomass decreased when soil pH was less than 5 in their
soil acidification grade experiment in Germany. Smolander
et al. (1994) had shown that, although the soil organic
matter increased with a declining soil pH, the soil organic
matter was not available for soil microbes, which resulted
in a change of soil microbial community structure and the
decline of soil microbial biomass. Soil pH was negatively
correlated with nitrogen treatment in the MEBF (Fig. 1),
but not correlated with nitrogen treatment in the PF and
MEF. However, there was a tendency for soil pH to decline
with increased levels of nitrogen treatment. With this
increase in the level of N treatment, the soil pH in the PF
and MF may show a similar trend as in the MEBF. Soil
acidification due to nitrogen deposition would be an
important factor that dominates soil microbial biomass.

2) Ca**, Na* and Mg** were eluviated from the soil with
additional nitrogen, which led to the aggravated soil
acidification (Foster et al., 2004). The effect of aluminium
toxicity can induce poor nutrient conditions around plant
roots. The decline of plant root growth and activity and an
inhibition of rhizosphere microorganisms prevent the
formation of soil microbial biomass. Li (1997) found soil
pH and roots biomass clearly decreased when AI*" was
added, which jeopardized the growth of rhizosphere
microorganisms. Nitrobacteria, denitrifying bacteria and
soil respiration also decreased with the addition of AI**
(Luo et al., 2004). In our study, AI’* concentration
increased with the addition of N in the MEBF (Fig. 2).
The decrease of soil microbial biomass indicated the
presence of aluminium toxicity. The threshold of alumi-
nium toxicity to soil microbes needs further study.

3) The status of available nitrogen was amended by

additional input of nitrogen into the forest ecosystem.
Plants decrease the growth of roots and the release of
exudates, when the underground resource allocation
declines (Wallenstein et al., 2006). Therefore, the micro-
organisms of the rhizosphere, which depend on nutrients
from root exudates, would be inhibited and soil microbial
biomass should decline (Wallenstein et al., 2006). The
addition of nitrogen could change the net of soil mycelium,
mycorrhiza formation and community structure of mycor-
rhizal fungi (Wallenda and Kottke, 1998; Lilleskov et al.,
2002; Frey et al., 2004). Moreover, changes in the chemical
components of litter and competitive relations between
plants and soil microbes, affected soil microbial biomass
with their nitrogen deposition (Wallenstein et al., 2006).
Based on our study, we predict the decline of soil microbial
biomass of this ecosystem after several years of nitrogen
addition to the MEBF. The response of soil microbial
biomass to nitrogen deposition is coupled with the
processes of aboveground forest biomass and litter
decomposition. With the slowing of litter decomposition
and supply of soil organic matter, elevated levels of
nitrogen deposition would inhibit soil microbial biomass in
the greater time scale (Compton et al., 2004).

Our results agree with previous research. Xue et al.
(2007) found elevated nitrogen levels of deposition
decreased soil microbial growth in a nursery adjacent to
the forest, as we found in our study. Many studies also
indicated that nitrogen addition significantly decreased soil
microbial biomass in Europe and North America (Arneb-
randt et al., 1990; Wallenstein, 2003; Compton et al., 2004;
Frey et al., 2004).

4.3 Effects of N deposition on forest soil organic carbon
sequestration

Soil dissolved organic carbon is considered to be the most
dynamic compound of soil carbon and is the main source of
energy and material of a microbial soil community (Matlou
and Haynes, 2006). Dissolved soil organic carbon also
includes recalcitrant aromatic carbon molecules, which are
difficult to decay by soil microbes (Guggenberger and
Zech, 1994). Hence, dissolved soil organic carbon is not
only the substrate of soil microbial activity but also the
main products of soil microbial metabolism. Therefore,
dissolved soil organic carbon is intensively related to soil
microbial biomass (Matlou and Haynes, 2006). Piao et al.
(2000) found soil microbial biomass was negatively
correlated with extractable DOC by K,SOj, solution.

Mo et al. (2004, 2006) had shown that nitrogen addition
significantly inhibited litter decomposition in the MEBF,
which confirms that extractable DOC increases with the
addition of nitrogen to the MEBF. These results show that
nitrogen addition may enhance forest soil carbon seques-
tration. Bowden et al. (2004) found that nitrogen addition
decreased soil microbial biomass and soil CO, efflux.
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Deforest et al. (2004) had shown that the dissolved organic
carbon increased with phenolic matter accumulation due to
N addition. Magill et al. (1998) also found that N addition
resulted in soil organic carbon accumulation by inhibiting
litter decomposition.

However, we also found that soil microbial biomass
carbon and extractable DOC were affected by nitrogen
addition in the MF and PF. That could be due to the timing
of the addition of nitrogen and to soil nitrogen conditions.
Soil microbial biomass was impacted by the addition of N
at least six years after an elevated nitrogen treatment in
temperate ecosystems. Nitrogen addition would not affect
soil microbial biomass when the ecosystem was at an early
stage of nitrogen saturation (Wallenstein et al., 2006). In
our study, the higher N status in the MEBF led to the
condition that soil microbial biomass was affected after
three years of nitrogen addition (Mo et al., 2004, 2006).

5 Conclusions

Soil microbial biomass C and extractable DOC were higher
in the wet season than during the dry season and higher in
the MEBF than in the PF or MF. In the PF or MF forests, no
significant effects of nitrogen addition were found on soil
microbial biomass C and extractable DOC. In the MEBF
forest, however, soil microbial biomass C generally
decreased with increasing levels of nitrogen. The response
of soil extractable DOC to nitrogen addition in the MEBF
shows opposite trends to soil microbial biomass C. These
results suggest that nitrogen deposition may increase the
accumulation of soil organic carbon in MEBF in the study
region.

Acknowledgements This study was financially supported by the National
Natural Science Foundation of China (Grant No. 30670392), the Knowledge
Innovation Program of the Chinese Academy of Sciences (No. KZCX2-YW-
432-2) and Postdoctoral Fellowship of Nature Science Foundation of
Guangdong Province (No. 06300102).

References

Acea M J, Carballas T (1990). Principal components analysis of the soil
microbial populations of humid zone of Galicia (Spain). Soil Biol
Biochem, 22: 749-759

Arnebrandt K, Baath E, Soderstrom B (1990). Changes in microfungal
community structure after fertilization of Scots pine forest soils with
ammonium nitrate or urea. Soil Biol Biochem, 22: 309-312

Baath E, Berg B, Lohm U, Lundgren B, Lundkvist H (1980). Effects of
experimental acidification and liming on soil organisms and
decomposition in a Scots pine forest. Pedobiologia, 20: 85-100

Berg B (1988). Dynamics of nitrogen (**N) in decomposing Scots pine
(Pinus sylvestris) needle litter: Long-term decomposition in a Scots
pine forest. Can J Bot, 66: 1539-1546

Bowden R D, Davidson E, Savage K, Arabia C, Steudler P (2004).

Chronic nitrogen additions reduce total soil respiration and microbial
respiration in temperate forest soils at the Harvard Forest. For Ecol
Manag, 196: 43-56

Boxman A W, Blanck K, Brandrud T E (1998). Vegetation and soil biota
response to experimentally-changed nitrogen inputs in coniferous
forest ecosystems of the NITREX project. For Ecol Manag, 101:
65-79

Compton J E, Watruda L S, Porteous L, DeGrood S (2004). Response of
soil microbial biomass and community composition to chronic
nitrogen additions at Harvard forest. For Ecol Manag, 196:143—158

Deforest J L, Zak D R, Pregitzer K S (2004). Atmospheric nitrate
deposition and the microbial degradation of cellobiose and vanillin in
a northern hardwood forest. Soil Biol Biochem, 36: 965-971

Diaz-Ravina M, Acea M J, Carballas T (1995). Seasonal changes in
microbial biomass and nutrient flush in forest soils. Biol Fert Soils,
19: 220-226

Fang Y T, Zhu W X, Mo J M, Zhou G Y, Gundersen P (2006). Dynamics
of soil inorganic nitrogen and their responses to nitrogen additions in
three subtropical forests, South China. J Entomol Sci, 18(4): 756-763

Fenn M A, Poth M A, Aber ] D, Baron J S, Bormann B T, Johnson D W,
Lemly A D, McNulty S G, Ryan D F, Stottlemyer R (1998). Nitrogen
excess in North American ecosystems: Predisposing factors,
ecosystem responses, and management strategies. Ecol Appl, 8:
706-733

Foster N W, Nicolson J A, Haslett P W (1989). Temporal variation in
nitrate and nutrient actions in drainage water from a deciduous forest.
J Environ Qual, 18: 238-244

Frey S D, Knorr M, Parrent J L, Simpson R T (2004). Chronic nitrogen
enrichment affects the structure and function of the soil microbial
community in temperate hardwood and pine forests. For Ecol Manag,
196: 159-171

FuSL,Yi WM, Ding M M (1995). Mineralization of soil microbial C,
N, P and K in different vegetation types at Dinghushan Biosphere
Reserve. Acta Phytoecol Sin, 19(3): 217-224 (in Chinese)

Guggenberger G, Zech W (1994). Dissolved organic carbon in forest
floor leachates: simple degradation products or humic substances? Sci
Total Environ, 152: 37-47

Haynes B E, Gower S T (1995). Belowground carbon allocation in
unfertilized and fertilized red pine plantations in northern Wisconsin.
Tree Physiol, 15: 317-325

Huang Z F, Fan Z G (1982). The climate of Dinghushan. Trop Subtrop
Ecosyst, 1: 11-23 (in Chinese)

Huang Z L, Ding M M, Zhang Z P, Yi W M (1994). The hydrological
processes and nitrogen dynamics in a monsoon evergreen broad-
leaved forest of Dinghushan. Acta Phytoecol Sin, 18:194-199 (in
Chinese)

Jenkinson D S (1987). Determination of microbial biomass carbon and
nitrogen in soil. In: Wilson J R, ed. Advances in N Cycling in
Agricultural Ecosystem. London: CBAT National, 368-386

Joergensen R G, Anderson T H, Wolters V (1995). Carbon and nitrogen
relationships in the microbial biomass of soils in beech (Fagus
sylvatica L.) forests. Biol Fert Soils, 19: 141-147

Katzensteiner K, Glatzel G, Kazda M (1992). Nitrogen induced
nutritional imbalances—a contributing factor to Norway spruce
decline in the Bohemian Forest (Austria). For Ecol Manag, 51: 2942

Li B F (1997). Experimental studies on the effect of aluminum in the soil



Hui WANG et al. Effects of elevated nitrogen deposition on soil microbial biomass carbon 27

on the root system of Pinus taeda. J Fujian For Sci Tech, 24(1): 66—68
(in Chinese)

Lilleskov E A, Fahey T J, Horton T R, Lovett G M (2002). Below ground
ectomycorrhizal fungal community change over a nitrogen deposition
gradient in Alaska. Ecology, 83: 104-115

Luo H, Liu P, Xu G D (2004). Effects of aluminum stress on the
microflora of red soil. Ecol Environ, 13(1): 11-13 (in Chinese)

Magill A H, Aber J D (1998). Long term effects of experimental nitrogen
addition on foliar litter decay and humus formation in forest
ecosystems. Plant Soil, 203: 301-311

Magill A H, Aber J D, Hendricks J J, Bowden R D, Mélillo ] M, Paul A,
Steudler A (1997). Biogeochemical response of forest ecosystems to
simulated chronic nitrogen deposition. Ecol Appl, 7: 402-415

Matlou M C, Haynes R J (2006). Soluble organic matter and microbial
biomass C and N in soils under pasture and arable management and
the leaching of organic C, N and nitrate in a lysimeter study. Appl Soil
Ecol, 34: 160-167

Matson P A, McDowell W H, Townsend A R, Vitousek P M (1999). The
globalization of N deposition: ecosystem consequences in tropical
environments. Biogeochemistry, 46: 67-83

Mo J M, Xue J H, Fang Y T (2004). Litter decomposition and its
responses to simulated N deposition for the major plants of
Dinghushan forests in subtropical China. Acta Ecol Sin, 24(7):
1413-1420 (in Chinese)

Mo J M, Brown S, Peng S L, Kong G H (2003). Nitrogen availability in
disturbed, rehabilitated and mature forests of tropical China. For Ecol
Manag, 175: 573583

Mo J M, Brown S, Xue J H, Fang Y T, Li Z A (2006). Response of litter
decomposition to simulated nitrogen deposition in disturbed,
rehabilitated and mature forests in subtropical China. Plant Soil,
285: 135-151

Paul J W, Beauchamp E G (1996). Soil microbial biomass C, N
mineralization and N uptake by corn in dairy cattle slurry and urea
amended soils. Can J Soil Sci, 76: 469472

Phillips R P, Yanai R D (2004). The effects of AICl; additions on
rhizosphere soil and fine root chemistry of sugar maple (Acer
saccharum). Water Air Soil Poll, 159: 339-356

Piao H C, Hong Y T, Yuan Z Y (2000). Seasonal changes of microbial
biomass carbon related to climatic factors in soils from karst areas of
southwest China. Biol Fert Soils, 30: 294-297

Ren R, Mi F J, Bai N B. A (2000). Chemometrics analysis on the data of
precipitation chemistry of China. J Beijing Polytech Univ, 26(2):
90-95 (in Chinese)

Sha L Q, Zheng Z, Feng Z L, Liu Y H, Liu W J, Meng Y (2002).
Biogeochemical cycling of nitrogen at a tropical seasonal rain forest
in Xishuangbanna, SW, China. Acta Phytoecol Sin, 26(6): 689-694
(in Chinese)

Smolander A, Kurka A, Kitunen V (1994). Microbiomass C and N and
respiratory activity in soil of repeatedly limed and N and P fertilized
Norway spruce stands. Soil Biol Biochem, 26: 957-962

van Breemen N, van Dijk H F G (1988). Ecosystem effects of
atmospheric deposition of nitrogen in the Netherlands. Environ
Pollut, 54: 249-274

Vance E D, Brookes S A, Jenkinson D S (1987). An extraction method
for measuring soil microbial biomass C. Soil Biol Biochem, 19:
703-707

Vitousek P M, Aber J D, Howarth R W, Likens G E, Matson P A,
Schindler D W, Schlesinger W H, Tilman G D (1997). Human
alteration of the global nitrogen cycle: Sources and consequences.
Ecol Appl, 7(3): 737-750

Wallenda T, Kottke (1998). Nitrogen deposition and ectomycorrhizas.
New Phytol, 139:169-187

Wallenstein M D (2003). Effects of nitrogen fertilization on soil
microbial communities, Geophysical Research Abstracts. Eur Geo-
phys Soc, 5: 13087

Wallenstein M D, McNulty S, Fernandez I J, Boggs J, Schlesinger W H
(2006). Nitrogen fertilization decreases forest soil fungal and bacterial
biomass in three long-term experiments. For Ecol Manag, 222:
459-468

Wang X F,LiSY, Bai K J, Kuang T'Y (1998). Influence of doubled CO,
on plant growth and soil microbial biomass C and N. Acta Bot Sin, 40
(12): 1169-1172 (in Chinese)

Xue J H, Mo J M, LiJ, Li D J (2007). The short-term response of soil
microorganism number to simulated nitrogen deposition. Guangxi
Bot, 27(2): 174-179 (in Chinese)

Yao W H, Yu Z Y (1995). The nutrient content of throughfall inside the
artificial forests on downland. Acta Ecol Sin, 15: 124-131 (in
Chinese)

YiZG,Yi WM, Zhou L X, Wang X M (2005). Soil microbial biomass of
the main forests in Dinghushan Biosphere Reserve. Ecol Environ, 14
(5): 727729 (in Chinese)

Zhou G Y, Yan J H (2001). The influence of region atmospheric
precipitation characteristics and its element inputs on the existence
and development of Dinghushan forest ecosystems. Acta Ecol Sin,
21:2002-2012 (in Chinese)



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


